Abstract. Solution-treated Al-4wt%Cu was strain-cycled at ambient temperature and above and the precipitation behavior investigated by TEM. In the temperature range 100°C to 200°C precipitation of Θ´´ appears to have been suppressed and precipitation of Θ´ promoted via cyclic strain. Anomalously rapid growth of precipitates appears to have been facilitated by a vacancy supersaturation generated by dislocation motion, with a diminishing effect observed at higher temperatures due to the faster recovery of non-equilibrium vacancy concentrations. Θ´ precipitates generated under cyclic strain are considerably smaller and more finely dispersed than those typically produced via quench-aging due to their heterogeneous nucleation on dislocations, and possess a low aspect ratio and rounded edges of the broad faces due to the introduction of ledges into the growing precipitates by dislocation cutting. Frequency effects indicate that dislocation motion, rather than the extremely small precipitate size, is responsible for the observed reduction in aspect ratio. Accelerated formation of grain boundary precipitates appears partially responsible for rapid intergranular fatigue failure following cycling at elevated temperatures, producing fatigue striations and ductile dimples coexistent on the fracture surface.
Specimens were wet ground to 1200 grit finish over a pane of glass. They were then annealed at 540ºC in molten salt for ten minutes and quenched into ice water immediately prior to mechanical testing. Orientation Imaging Microscopy (OIM) performed on a FEI XL30 SEM equipped with TSL OIM 4.0 software showed a mixture of cube and fiber textures, with cube texture predominant.
Specimens machined with their stress axes parallel to the rolling direction of the parent plate were tested at plastic strain amplitudes of +/-0.001 at 1 Hz, +/-0.0025 at 0.4 Hz and +/-0.005 at 0.2 Hz and at temperatures of 25°C, 100°C, 175°C and 200°C in a forced hot air furnace on an Instron 1331 servo-hydraulic test system. The furnace was pre-heated and air flow started at the same time as the actuator, in order to ensure that the specimens began the test in a solution-treated condition. The accumulated plastic strain at failure for the specimen tested at ε p =+/-0.005 was used as a teststop criterion for specimens tested at lower strain amplitudes. Thus each specimen accumulated equal plastic strain during the test, and test duration was the same for each test at a given temperature due to the inverse relationship between frequency and strain amplitude.
Following testing, samples were rapidly cooled by raising the pressure of air fed to the furnace and turning off the heating elements. TEM foils of each specimen were then prepared by cutting transverse to the stress axis with a jeweler's saw to 0.5mm sections, chemical thinning in 25g NaOH in 100 mL H 2 O at 25°C, and electropolishing by the window method in 25mL fuming nitric acid in 75 mL methanol at 8V, -30°C. 3mm disks were then punched from the thinned foils and mounted in a double-tilt holder in a JEOL JEM 2010 transmission electron microscope. Bright-field imaging and selected area diffraction were used to characterize precipitates formed during mechanical testing. Following imaging, a representative sampling of at least 25 precipitates from different areas (and often foils) from each specimen displaying precipitation were measured in both length and thickness, and these results were tested employed in the Zener-Hillert equation for plate lengthening to estimate the diffusivity during testing of each specimen.
Results and Discussion. Example cyclic hardening curves at 25°C and 200°C are presented in Figure 1 . Of note in these figures is the softening and re-hardening of specimens tested at 200°C. Due to the test procedure of starting the forced hot-air furnace at the same time as the actuator, all specimens tested at elevated temperature undergo a short ramp to temperature during the initial strain cycles of mechanical testing. The early softening is caused by recovery of cyclic hardening accumulated at lower temperatures, while the subsequent hardening is an effect of precipitation hardening occurring during testing. At 25°C and 100°C, failure proceeded as expected, via nucleation and growth of a transgranular fatigue crack. At 175°C and 200°C, the increased diffusion of solute under cyclic strain promoted a ductile-intergranular fracture mode featuring both ductile dimples and fatigue striations on the fracture surface. It is believed that the presence of a narrow precipitate free zone accompanied by 716
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an accelerated growth of grain boundary precipitates is responsible for this fracture mode. Previous authors [3] have reported on the role of Θ' precipitation in the bulk in promoting grain boundary fracture, due to increased prevalence in multiple slip allowing for greater cooperative deformation across boundaries. The observed fracture mode persists at all strain amplitudes sampled at 175°C and 200°C, and persists in specimens of different textures. Initially, dynamic embrittlement was considered a possible cause of this fracture behavior, but given the results of tests incorporating strain-holds, it seems unlikely that hold cracking plays a role. In specimens with a growing crack stopped prior to final failure, cooled to room temperature, and broken in monotonic tension, the same grain boundary failure mode persists, with ductile dimples apparent on the grain boundaries, and no striations observed in the region of monotonic failure. Examples of the fracture surface generated by this type of crack propagation can be seen in Figure 2 . At 25°C no precipitation was observed, likely due to the short test duration (800 seconds) failing to provide sufficient time for nucleation of precipitates, even given the presence of plentiful dislocations to act as nucleation sites. The dislocation structure formed during these tests appeared largely similar to that observed in pure aluminum [9] , consisting of loose tangles of dislocations with small prismatic loops.
At 100°C, fine nucleation of Θ' precipitates was observed in strained specimens, primarily nucleated on dislocations. An example of the structure thus generated can be seen in Figure 3 . Precipitates can be seen preferentially nucleating on dislocations, and are confirmed via Selected Area Diffraction (SAD) as Θ', despite their small size, and the relatively short testing time (32 minutes) at 100°C, where Θ" precipitates might be expected. The apparent absence of Θ" implies that not only is Θ' preferentially nucleating, but that cyclic strain inhibits the growth of Θ", as only an extremely small volume fraction of Θ' was observed, suggesting that competitive growth alone cannot account for the absence of Θ".
At 175°C, control specimens annealed on the testframe in the absence of cyclic strain show Θ" precipitates, as expected, but in all cyclic strain tests performed, Θ' precipitates are formed to the apparent exclusion of Θ". Very little residual dislocation density is apparent, as recovery during cyclic straining has largely annealed out dislocations.
At 200°C, Θ" precipitates are formed in unstrained specimens. In strained specimens, Θ' rapidly forms, and appears to be sheared by dislocation shuttling under cyclic strain, following a mechanism originally proposed by Bhat [5] . This mechanism was originally proposed to explain precipitate dissolution in larger Θ' precipitates, and the nucleation of Θ on Θ' precipitates under cyclic strain. Slower growth of precipitates was observed in a test cycled at 0.027 Hz, suggesting that the rate of accumulation of plastic strain as well as the plastic strain amplitude helps to control the diffusivity under cyclic strain. On the basis of the measured average lengths and thicknesses of precipitates for each test, diffusivities were calculated from the Zener-Hillert equation for plate lengthening (Eq. 1).
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G = (1)
Where G = the precipitate lengthening rate, D = the diffusion coefficient, r = half the precipitate thickness, and χα, χp, and χαγ are the solute concentrations in the matrix, precipitate, and at the matrix/precipitate interface, respectively. The results are shown in Figure 4 . Given the diffusivities thus calculated and taking the free energy of formation for a vacancy in Al as 0.63 eV [10] , the free energy of vacancy motion is calculated from previous authors' [11] [12] [13] [14] [15] data as 0.45 eV, via Eq. 2.
Where D = diffusivity, z = coordination number, α = inter-atomic distance, ν = vibrational frequency of the lattice (taken here as 10 13 ). If the diffusivities calculated in this study are used with the free energy of motion of 0.45eV, vacancy concentrations can then be approximated for each specimen. The results of this calculation are shown in Figure 5 . Of note is that above recovery temperatures, the vacancy super-saturation begins to drop, as greater mobility allows vacancies to find sinks faster. Thus for a given strain amplitude, a higher vacancy concentration will be present at lower temperatures, since vacancy generation by jog dragging or partial dislocation annihilation will allow for athermal generation of a vacancy super-saturation, while the ability of the vacancies to find sinks is reduced.
A further observation pertains to the aspect ratios of precipitates measured in this study, shown in Figure 6 . Given observed precipitate twisting as evidence of precipitate shearing as proposed by Bhat [5] who observed schearing of well developed Θ' precipitates larger than those observed in this study at 200°C, ledges should be created at precipitate surfaces , allowing for more rapid thickening of precipitates during cyclic strain. Aaronson et. al. [16] calculated energies for Θ':α interfaces as 40 mJ/m 2 along the broad faces of plate-like precipitates, and as 445 mJ/m 2 along the edges. Thus the equilibrium aspect ratio of precipitates should be expected to be somewhere around 11. Previous authors, (e.g. [1] ) have typically measured aspect ratios on the order of 40 for Θ', suggesting that ledge nucleation limits the thickening of plates, as they tend to form at greater than equilibrium aspect ratios due to the difficulty of ledge nucleation.
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In this study, the continual cutting of growing precipitates leads to an apparent reduction is aspect ratios, and an expected temperature and frequency sensitivity. Since the diffusion rate increases with increasing temperature, and the strain frequencies sampled remain the same across all temperatures, we should expect to see larger aspect ratios at higher temperatures, which appears to be case. Precipitates formed at 100°C show a markedly lower aspect ratio than those formed at higher temperatures. In addition, a specimen strained at ε p =+/-0.005, 100 cycles/hr (0.027Hz) shows a much greater aspect ratio than those formed at ε p =+/-0.005, 0.2 Hz. Sankaran [17] found a transient increase in Θ' thickening rates following monotonic deformation, but attributed it to a transient increase in diffusivity due to the accelerated diffusion kinetics caused by deformation.
Solid State Phenomena Vols. 172-174Conclusions 1. Precipitation hardening dominates the high-temperature cyclic strain behavior of Al4wt%Cu from the solution state, due to accelerated formation of Θ' precipitates. 2. Enhanced precipitation kinetics under cyclic strain promote the formation of intergranular precipitates and precipitate free zones, enhancing strain localization at grain boundaries at 175°C and 200°C. This leads to intergranular failure by a hybrid stage II fatigue crack and void coalescence mechanism. 3. Diffusion kinetics are appreciably accelerated during cyclic strain at low temperatures, but increased vacancy mobility limits the observed super-saturation at recovery temperatures. 4. Suppression of Θ" precipitates allows for the creation of smaller Θ' precipitates than are observed in conventional quench-aging. as Θ' tends nucleate on dislocations under cyclic strain rather than on Θ" precipitates as observed in quench-aging. 5. The aspect ratios of precipitates formed under cyclic strain are significantly reduced via increased thickening rates as ledges are nucleated athermally via dislocation cutting.
